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A b s t r a c t  

P o l y c r y s t a l l i n e  t h i n  f i l m s  of CrS i2 ,  LaSi2,  and  ReSi2 were grown on 

s i l i c o n  s u b s t r a t e s .  

measurements  were made as a f u n c t i o n  o f  wave leng th .  

LaSi2 is a metallic c o n d u c t o r ,  b u t  t h a t  CrS i2  and ReSi2 are, i n  f a c t ,  nar row 

bandgap semiconduc to r s .  

determined by computer  a n a l y s i s  of t h e  o p t i c a l  d a t a .  

t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  was de te rmined  as a f u n c t i o n  of  photon  

energy .  

s l i g h t l y  less t h a n  0.31 eV, and  y e t  i t  is  a v e r y  s t r o n g  a b s o r b e r  of  l i g h t  

a b o v e  t h e  a b s o r p t i o n  edge. On t h e  o t h e r  hand, t h e  ReSi2 f i l m s  e x h i b i t  a n  

a b s o r p t i o n  e d g e  i n  t h e  v i c i n i t y  of 0.2 eV. 

a c t i v a t i o n  e n e r g y  o f  r e s i s t i v i t y  f o r  ReSi2 i n d i c a t e  a bandgap of 0.18 eV. 

is c o n c l u d e d  t h a t  t h e  semiconduc t ing  s i l i c i d e s  merit f u r t h e r  i n v e s t i g a t i o n  f o r  

d e v e l o p m e n t  as new s i l i c o n - c o m p a t i b l e  i n f r a r e d  d e t e c t o r  materials. 

Normal i n c i d e n c e  op t ica l  t r a n s m i t t a n c e  and r e f l e c t a n c e  

It was demons t r a t ed  t h a t  

For  CrS i2 ,  t h e  complex i n d e x  of r e f r a c t i o n  was 

From t h e  imag ina ry  p a r t ,  

It was shown t h a t  C r S i 2  possesses a n  i n d i r e c t  f o r b i d d e n  ene rgy  gap  o f  

Measurements of t h e  t h e r m a l  

It 
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I n t r o d u c t i o n  

I n  f u l f i l l m e n t  o f  t h e  t e c h n i c a l  o b j e c t i v e s  of o u r  Phase  I r e s e a r c h  

c o n t r a c t ,  w e  h a v e  f a b r i c a t e d  t h i n  f i l m s  of CrSi2 ,  LaSi2 ,  and  ReSi2,  h a v e  

c h a r a c t e r i z e d  them s t r u c t u r a l l y  and  c o m p o s i t i o n a l l y ,  h a v e  measured t h e  o p t i c a l  

t r a n s m i t t a n c e  and  r e f l e c t a n c e ,  and  h a v e  o b t a i n e d  o p t i c a l  c o n s t a n t s  from t h e  

d a t a  where t h e  materials l e n d  t h e m s e l v e s  t o  t h e  t e c h n i q u e s  a v a i l a b l e  t o  us.  

The d e t a i l s  of t h i s  e x p e r i m e n t a l  work and a n a l y s i s  are p r e s e n t e d  i n  t h e  

f o l  l o w i n g  s e c t i o n s .  

E x p e r i m e n t a l  P r o c e d u r e  

Chromium, l an thanum,  and  rhenium f i l m s  were d e p o s i t e d  o n t o  s i l i c o n  

s u b s t r a t e s  by n e u t r a l i z e d  i o n  beam s p u t t e r i n g  f rom metal t a r g e t s  [l].  

S u b s t r a t e s  for  o p t i c a l  p r o p e r t i e s  measurements  were 1-0-0 

o r i e n t a t i o n ,  p o l i s h e d  s i l i c o n  wafers (21. Metal f i l m s  were a l s o  d e p o s i t e d  

o n t o  similar wafers which were p r e v i o u s l y  t h e r m a l l y  o x i d i z e d  and  c o a t e d  w i t h  

undoped p o l y c r y s t a l l i n e  s i l i c o n  ( p o l y s i l i c o n )  by low p r e s s u r e  c h e m i c a l  v a p o r  

d e p o s i t i o n .  

characterization; the purpose o f  t h e s e  was t o  e lectr ical ly  i so l a t e  t h e  

s i l i c i d e  f i l m  from t h e  s i l i c o n  s u b s t r a t e  t o  a l low a c c u r a t e  r e s i s t i v i t y  

measurements.) A l l  s u b s t r a t e s  were i o n  m i l l e d  w i t h i n  t h e  vacuum chamber 

i m m e d i a t e l y  p r i o r  t o  d e p o s i t i o n ,  i n  o r d e r  t o  o b t a i n  c l e a n  m e t a l - s i l i c o n  

i n t e r f a c e s .  

or 1-1-1 

(The p o l y s i l i c o n  s u b s t r a t e s  were u n s u i t a b l e  f o r  o p t i c a l  

The s i l i c i d e  layers were formed by h e a t i n g  t h e  s a m p l e s  i n  a q u a r t z  t u b e  

f u r n a c e  u n d e r  h i g h  p u r i t y  f l o w i n g  argon.  

c o m p l e t e l y  consumed by t h e  s u b s t r a t e  i n  fo rming  t h e  d i s i l i c i d e .  

c o n d i t i o n s  were 120 m i n u t e s  a t  1100 for CrS i2 ,  60 m i n u t e s  a t  600 or 900 C f o r  

I n  e a c h  case, t h e  metal f i l m  was 

The  growth  
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LaSi2 ,  and 60 m i n u t e s  a t  900 C f o r  ReSi2. 

The l an thanum f i l m s  were s u s c e p t i b l e  t o  a t a r n i s h i n g  r e a c t i o n  when 

exposed  t o  a i r ,  s u c h  t h a t  o v e r  a p e r i o d  o f  a few h o u r s  a 5000 A metal f i l m  

would be  c o n v e r t e d  e n t i r e l y  t o  l an thanum oxide .  T h i s  was o b s e r v e d  as  a 

c o n t i n u a l  change  i n  c o l o r  o f  t h e  f i l m  i n  r e f l e c t i o n  u n t i l  t h e  metal w a s  

t o t a l l y  o x i d i z e d .  Auger a n a l y s i s  o f  a f u l l y  t a r n i s h e d  f i l m  showed a m i x t u r e  

o f  lan thanum and  oxygen t h r o u g h o u t  t h e  f i l m  t h i c k n e s s .  

The t a r n i s h i n g  r e a c t i o n  was p r e v e n t e d  by capp ing  t h e  lan thanum layer w i t h  

a b o u t  300 A o f  s i l i c o n  p r i o r  t o  removing  t h e  sample  from t h e  i o n  beam 

d e p o s i t i o n  sys t em.  The s i l i c o n  layer formed a t h i n  S i 0 2  n a t i v e  o x i d e  which 

s e r v e d  as  a d i f f u s i o n  b a r r i e r  t o  t h e  f u r t h e r  i n c o r p o r a t i o n  o f  oxygen i n  t h e -  

f i l m .  The s i l i c o n  c a p  was a l s o  consumed d u r i n g  s i l i c i d e  fo rma t ion .  

The s i l i c i d e  t h i c k n e s s e s  were o b t a i n e d  by measur ing  t h e  metal t h i c k n e s s e s  

a t  a s t e p  c r e a t e d  by masking d u r i n g  d e p o s i t i o n .  

c a l c u l a t e d  f rom d e n s i t y  d a t a  n e g l e c t i n g  s t r a i n  and assuming b u l k  d e n s i t i e s .  

Under such  a s s u m p t i o n s ,  t h e  r a t io  of s i l i c i d e  t o  metal t h i c k n e s s e s  is 3.01 f o r  

C r S i 2 ,  1.68 fo r  LaSi2,  and  2.56 f o r  ReSi2 [3]. 

f i l m  was -800 A,  w h i l e  i n  t h e  cases o f  CrS i2  and LaSi2  f i l m s  of more t h a n  a 

micron thicknesses were o b t a i n e d  w i t h  no  i n d i c a t i o n  of a n  upper  l i m i t .  

Rhenium f i l m s  c o r r e s p o n d i n g  t o  s i l i c i d e  t h i c k n e s s  g r e a t e r  t h a n  -800 A p e e l e d  

These t h i c k n e s s e s  were 

The t h i c k e s t  o b t a i n a b l e  ReSi2 

o f f  t h e  s u b s t r a t e s  d u r i n g  a n n e a l i n g .  

The normal  i n c i d e n c e  o p t i c a l  t r a n s m i t t a n c e  and r e f l e c t a n c e  were measured 

as f u n c t i o n s  o f  w a v e l e n g t h  u s i n g  a Perkin-Elmer 337 G r a t i n g  I n f r a r e d  

S p e c t r o p h o t o m e t e r  for  t h e  w a v e l e n g t h  r a n g e  from 3 t o  25 microns.  

w a v e l e n g t h s  s h o r t e r  t h a n  3 microns ,  a n  o p t i c a l  bench w i t h  i n f r a r e d  s o u r c e ,  

g r a t i n g  monochromator,  o r d e r  s o r t i n g  f i l t e r s ,  l i g h t  chopper ,  and HgCdTe 

For 

d e t e c t o r  was used. The t r a n s m i t t a n c e  o f  a sample  was n o r m a l i z e d  t o  t h a t  of a 
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b a r e  h a l f  of t h e  s u b s t r a t e .  

Perk in-Elmer  s p e c u l a r  r e f l e c t a n c e  accessory. 

The  r e f l e c t a n c e  was o b t a i n e d  w i t h  t h e  a i d  of a 

The complex  i n d e x  of r e f r a c t i o n  of t h e  f i l m  was e x t r a c t e d  from t h e  

o p t i c a l  d a t a  w i t h  the a i d  o f  a two- l aye r  o p t i c a l  model  [ 4 ] .  

c o n s i d e r e d  a b s o r p t i o n  i n  t h e  s i l i c i d e  f i l m  and m u l t i p l e  r e f l e c t i o n s  w i t h i n  

The model  

b o t h  t h e  s i l i c i d e  f i l m  and  t h e  s u b s t r a t e .  E q u a t i o n s  fo r  t h e  measured 

t r a n s m i s s i o n  and r e f l e c t i o n  were d e r i v e d  from t h e  o p t i c a l  model. 

on (1) t h e  w a v e l e n g t h ,  (2) t h e  i n d e x  of r e f r a c t i o n ,  e x t i n c t i o n  c o e f f i c i e n t ,  

and  t h i c k n e s s  of t h e  s i l i c i d e  f i l m ,  and  (3) t h e  i n d e x  o f  r e f r a c t i o n  and  

T h e s e  depend 

t h i c k n e s s  of t h e  s u b s t r a t e .  All o t h e r  q u a n t i t i e s  be ing  known, t h e  o p t i c a l  

c o n s t a n t s  of t h e  s i l i c i d e  f i l m s  were d e t e r m i n e d  from t h e s e  e q u a t i o n s  and  t h e  

d a t a .  

The d e t e r m i n a t i o n  of t h e  o p t i c a l  c o n s t a n t s  was a t h r e e - s t e p  p r o c e s s  

b e c a u s e  of t h e  t r a n s c e n d e n t a l  n a t u r e  of t h e  e q u a t i o n s ,  and  b e c a u s e  t h e y  

c o n t a i n  p e r i o d i c  f u n c t i o n s .  F i r s t ,  a l l  p h y s i c a l l y  rea l i s t ic  p a i r s  of t h e  

o p t i c a l  c o n s t a n t s ,  which p roduce  c a l c u l a t e d  t r a n s m i t t a n c e s  and  r e f l e c t a n c e s  

w i t h i n  f i v e  p e r c e n t  of t h e  measured  v a l u e s ,  were de te rmined  w i t h  a g r i d  

s e a r c h .  These  p a i r s  of n and  k were p l o t t e d  as f u n c t i o n s  of w a v e l e n g t h .  T h i s  

produced  several  d i s t i n c t  c o n t i n u o u s  c u r v e s ,  c o r r e s p o n d i n g  t o  families of 

m a t h e m a t i c a l l y  correct s o l u t i o n s  [ 51. The p h y s i c a l l y  correct fami ly  was 

d e t e r m i n e d  by compar ing  t h e s e  s o l u t i o n s  w i t h  a n  i n d e x  of r e f r a c t i o n  v a l u e  

which was e s t i m a t e d  from t h e  i n t e r f e r e n c e  f r i n g e s  i n  t h e  d a t a .  The  f i n a l  

v a l u e s  of t h e  o p t i c a l  c o n s t a n t s  were de te rmined  by r e f i n i n g  t h i s  s o l u t i o n  w i t h  

a damped Newton-Raulphson f i t  r o u t i n e .  

The  o p t i c a l  c h a r a c t e r i z a t i o n  of t h e  ReSi2 t h i n  f i l m s  was n o t  e n t i r e l y  

p o s s i b l e  w i t h  t h e  t e c h n i q u e s  a v a i l a b l e  t o  u s  because  o n l y  v e r y  t h i n  f i l m s  

c o u l d  be  o b t a i n e d ,  as w i l l  be  d i s c u s s e d  below. Thus, t o  a i d  i n  t h e  
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i n t e r p r e t a t i o n  of t h e  o p t i c a l  d a t a  h i g h  t e m p e r a t u r e  r e s i s t i v i t y  measurements  

were made w i t h  a vacuum s y s t e m  equ ipped  w i t h  a t u n g s t e n  wire f o u r - p o i n t  p robe  

and  h e a t e r s .  The r e s i s t i v i t y  as a f u n c t i o n  of t e m p e r a t u r e  was c a l c u l a t e d  from 

t h e  measured s h e e t  i e s i s t a n c e  and  t h e  f i l m  t h i c k n e s s .  

o b t a i n  t h e  t h e r m a l  a c t i v a t i o n  e n e r g y  of c o n d u c t i v i t y  w i t h i n  t h e  i n t r i n s i c  

The i n t e n t  w a s  t o  

reg ime,  which g e n e r a l l y  i s  e q u a l  t o  h a l f  t h e  f o r b i d d e n  e n e r g y  gap. 

Materials C h a r a c t e r i z a t i o n  

X-ray d i f f r a c t i o n  w i t h  c o p p e r  K o c  r a d i a t i o n  was u s e d  fo r  phase  

i d e n t i f i c a t i o n  of t h e  s i l i c i d e  f i l m s .  

u n i q u e  peaks  a s s o c i a t e d  w i t h  e a c h  p h a s e  c o u l d  be  used. 

It was found  t h a t  a few prominen t  and 

A r e p r e s e n t a t i v e  p a t t e r n  f o r  a n  h e x a g o n a l  C r S i 2  s a m p l e  i s  shown i n  F i g u r e  

1. 

l i s t e d  i n  T a b l e  I as w e l l .  I n  a d d i t i o n ,  t h e  (003) peak  a t  42.6' was ' 

f r e q u e n t l y  o b s e r v e d .  A s o - c a l l e d  f o r b i d d e n  r e f l e c t i o n  from t h e  s i n g l e  crystal  

s i l i c o n  s u b s t r a t e  a p p e a r s  a t  32.9O a l o n g s i d e  o t h e r  r e f l e c t i o n s  a l s o  d u e  t o  t h e  

s u b s t r a t e .  

The prominent  peaks  are l a b e l e d  w i t h  t h e i r  Miller i n d i c e s  [6]  and  are 

T h e r e  are t w o  c r y s t a l  s t r u c t u r e s  f o r  LaSi2, a l o w  t e m p e r a t u r e  t e t r a g o n a l  

phase ,  and  a h i g h  t e m p e r a t u r e  o r t h o r h o m b i c  phase. The two a n n e a l i n g  

t e m p e r a t u r e s  c i t e d  p r e v i o u s l y  g a v e  a p p a r e n t l y  s i n g l e - p h a s e  f i lms  h a v i n g  e a c h  

of t h e s e  s t r u c t u r e s .  R e p r e s e n t a t i v e  X-ray d i f f r a c t i o n  p a t t e r n s  are g i v e n  i n  

F i g u r e  2. 

[7] .  

are seen .  

e x a m i n a t i o n  of s a m p l e s  of b o t h  c r y s t a l  s t r u c t u r e s .  

Unique and  prominent  p e a k s  f o r  e a c h  phase  are l i s t e d  i n  T a b l e  I 

Some s t r o n g  r e f l e c t i o n s  from t h e  s i n g l e  crystal  1-0-0 s i l i c o n  s u b s t r a t e  

Our c o n c l u s i o n  t h a t  LaSi2  is  a metall ic c o n d u c t o r  is based  on a n  

F i n a l l y ,  a r e p r e s e n t a t i v e  p a t t e r n  for t e t r a g o n a l  ReSi2 is shown i n  F i g u r e  
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T a b l e  I 

P rominen t  X-ray D i f f r a c t i o n  Peaks  

Material Two T h e t a  Miller I n d i c e s  

CrSi2 

LaSi2  

T e t r a g o n a l  (600C) 

Or thorhombic  (900C) 

ReSi2 

27.2' 
40.7 
43.3 
47.5 
50.2 

21.9 
32.4 
42.4 

21.3 
28.4 
30.6 
31.9 
47.8 

40.8 
45.8 
47.4 

101 
110 
111 
200 
112 

101 
112 
200 

010 
103 
111 
005 
210 

110 
103 
112 and  004 

3. 

l i s t e d  i n  T a b l e  I [8]. 

s u b s t r a t e  are a p p a r e n t .  

Unique and  prominent  X-ray d i f f r a c t i o n  peaks  f o r  t h i s  phase  are also 

R e f l e c t i o n s  f rom t h e  s i n g l e  c r y s t a l  1-1-1 s i l i c o n  

I n  summary, f o r  a l l  t h r e e  semiconduc t ing  s i l i c i d e s  t h e  X-ray d i f f r a c t i o n  

d a t a  i n d i c a t e  t h a t  p o l y c r y s t a l l i n e  f i l m s  of  t h e  d e s i r e d  compounds were 
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o b t a i n e d ,  w i t h  no  e v i d e n c e  of o t h e r  s i l i c i d e  p h a s e s  or u n r e a c t e d  metal. 

R e p r e s e n t a t i v e  Auger s p e c t r a  are shown f o r  t h e  t h r e e  materials i n  F i g u r e s  

The s p e c t r a  were o b t a i n e d  after i o n  m i l l i n g  t h e  s a m p l e s  i n  o r d e r  to  4 - 6.  

remove a d s o r b e d  i m p u r i t i e s .  

i n t e r i o r  o f  t h e  f i l m s  are a t  or  be low background l e v e l s  f o r  t h e  i n s t r u m e n t .  

Peaks  f o r  s i l i c o n  and  t h e  r e s p e c t i v e  metals are prominent .  

It is  found t h a t  t h e  i m p u r i t y  l e v e l s  w i t h i n  t h e  

SEM t o p  v i e w s  and  f r a c t u r e  c r o s s - s e c t i o n s  are shown i n  F i g u r e s  7 - 9. 

These  a p p r o x i m a t e l y  c o n f i r m  t h e  t h i c k n e s s  estimates from metal f i l m  

t h i c k n e s s e s  as  d i s c u s s e d  above ,  I n  a l l  cases, t h e r e  is  a s h a r p  i n t e r f a c e  

between s i l i c i d e  f i l m  and  s i l i c o n  s u b s t r a t e .  

r o u g h n e s s  

g r e a t l y  i n f l u e n c e  t h e  o p t i c a l  p r o p e r t i e s  s i n c e  i t  is of a much smaller s i z e  

r a n g e  t h a n  t h e  o p t i c a l  w a v e l e n g t h s  of i n t e r e s t  [9]. 

sometimes o b s e r v e d  i n  t h e  t h i c k e s t  C t S i 2  f i l m s ,  as shown i n  t h e  l e f t  hand s i d e  

of F i g u r e  7(a). The LaSi2  f i l m s  are q u i t e  rough and  of a nonuni form t h i c k n e s s  

b u t  t h i s  is n o t  a n  i s s u e  for  o p t i c a l  c h a r a c t e r i z a t i o n  s i n c e  t h e  material is 

n o t  a semiconduc to r .  

u n i f o r m i t y  f o r  o p t i c a l  c h a r a c t e r i z a t i o n .  

The t o p  v i ews  show t h a t  s u r f a c e  

o f  t h e  CrS i2 ,  w h i l e  c e r t a i n l y  o b s e r v a b l e ,  may be  presumed t o  n o t '  

M i c r o c r a c k s  were 

The ReSi2 f i l m  t h i c k n e s s  seems t o  be  of s u f f i c i e n t  

Opt ical  P r o p e r t i e s  Measurements ,  A n a l y s i s ,  and D i s c u s s i o n  

The o p t i c a l  p r o p e r t i e s  of f o u r  C r S i 2  f i l m s  of f o u r  d i f f e r e n t  t h i c k n e s s e s  

are shown i n  F i g u r e  10. 

t h i c k n e s s ,  moving t o  lower photon  e n e r g y  f o r  t h i c k e r  f i lms .  

f r i n g e s ,  d u e  t o  m u l t i p l e  i n t e r n a l  r e f l e c t i o n s  w i t h i n  t h e  s i l i c i d e  l a y e r  are 

a l s o  seen .  The real p a r t  (n) of t h e  complex  i n d e x  may b e  e s t i m a t e d  from t h e  

p o s i t i o n s  o f  a d j a c e n t  ex t r ema  i n  t h e  r e f l e c t a n c e  s p e c t r a  u s i n g  t h e  f o l l o w i n g  

e q u a t i o n  [ 101: 

The o n s e t  of s t r o n g  a b s o r p t i o n  depends  o n  f i l m  

I n t e r f e r e n c e  
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1 and A 2 are t h e  w a v e l e n g t h s  c o r r e s p o n d i n g  t o  a d j a c e n t  r e f l e c t a n c e  minima 

and  d is  t h e  f i l m  t h i c k n e s s .  The v a l u e  o b t a i n e d  f o r  n is -7.5. 

The o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  (M ), c a l c u l a t e d  f rom 

is shown i n  F i g u r e  11. k is t h e  i m a g i n a r y  p a r t  of t h e  complex  index.  The re  

is  a v e r y  s t r o n g  a b s o r p t i o n  e d g e  i n  t h e  v i c i n i t y  of 0.3 eV which is  due  t o  

i n t e r b a n d  t r a n s i t i o n s ,  w i t h  v e r y  h i g h  v a l u e s  of t h e  a b s o r p t i o n  c o e f f i c i e n t  

o b s e r v e d  a b o v e  t h e  edge. 

I n  a d d i t i o n ,  f o r  photon  e n e r g i e s  be low -0.2 eV t h e r e  is  a n  i n c r e a s e  i n  

a b s o r p t i o n  c o e f f i c i e n t  w i t h  d e c r e a s i n g  photon  energy .  

h e r e  is  l i k e  t h a t  e x p e c t e d  f o r  free carrier a b s o r p t i o n ,  and t h e  magni tude  a n d  

e n e r g y  r a n g e  i s  c o n s i s t e n t  w i t h  t h a t  i n t e r p r e t a t i o n .  

e x p l a n a t i o n  of t h e  sub-bandgap a b s o r p t i o n  is d i f f u s e  s c a t t e r i n g  d u e  t o  s u r f a c e  

roughness .  We are u n s u r e  which i n t e r p r e t a t i o n  is correct; f o r t u n a t e l y  the  

phenomenon d o e s  n o t  i n t e r f e r e  w i t h  o u r  d e t e r m i n a t i o n  o f  t h e  v a l u e  and  t y p e  of 

f o r b i d d e n  e n e r g y  gap  i n  t h i s  material. 

The e n e r g y  dependence  

An a l t e r n a t i v e  

The a b s o r p t i o n  c o e f f i c i e n t  d a t a  are r e p l o t t e d  i n  F i g u r e  12 i n  a manner 

t h a t  would y i e l d  a l i n e a r  p l o t  for i n d i r e c t  t r a n s i t i o n s .  

r e g i m e s  are p r e d i c t e d ,  w i t h  t h e  two i n t e r c e p t s  b e i n g  t h e  v a l u e  o f  t h e  

f o r b i d d e n  e n e r g y  gap  (Eg) p l u s  or minus  t h e  e n e r g y  of t h e  phonon (Ep) r e q u i r e d  

f o r  k - c o n s e r v a t i o n  [ 111: 

A c t u a l l y  two l i n e a r  



( ~ ) l / *  = C(hV - Eg * Ep). (3)  

C is a c o n s t a n t  depend ing  on  t h e  d e t a i l s  of t h e  band s t r u c t u r e , /  i s  t h e  

photon  f r e q u e n c y ,  and  h is P l a n c k ' s  c o n s t a n t .  

The e x c e l l e n t  l i n e a r  b e h a v i o r  of t h e  d a t a  i n  F i g u r e  1 2  s u g g e s t s  s t r o n g l y  

O n l y  t h e  phonon e m i s s i o n  p a r t  o f  t h e  c u r v e  is s e e n  t h a t  t h e  g a p  is  i n d i r e c t .  

however ,  w i t h  a n  i n t e r c e p t  of 0.31 eV. 

w i t h  b u l k  s a m p l e s  i f  o n e  is  t o  o b s e r v e  t h e  phonon a b s o r p t i o n  branch.  

example ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  w i t h i n  t h e  phonon a b s o r p t i o n  r a n g e  is  on 

t h e  o r d e r  of 10 cm-l or lower f o r  s i l i c o n  and  germanium. 

i n d i r e c t  gap  of C r S i 2  is s l i g h t l y  less t h a n  0.31 eV by a n  amount e q u a l  to  E 

T h i s  phonon e n e r g y  is  t y p i c a l l y  a few h u n d r e d t h s  o f  a n  eV. 

It is  n e c e s s a r y ,  g e n e r a l l y ,  t o  work 

For  

We c o n c l u d e  t h a t  t h e  

P* 

T h e r e  may b e  d i r e c t  t r a n s i t i o n s  i n  C r S i 2  a t  h i g h e r  e n e r g i e s .  F i g u r e  13 

shows t h e  d a t a  for o n e  s a m p l e  p l o t t e d  i n  a manner a p p r o p r i a t e  f o r  d i r e c t  

t r a n s i t i o n s ,  w i t h  t h e  scale chosen  t o  d i s p l a y  t h e  b e h a v i o r  w e l l  a b o v e  t h e  

f u n d a m e n t a l  edge. For d i r e c t  t r a n s i t i o n s ,  w e  h a v e  [ l l ]  

D is a n o t h e r  c o n s t a n t  t h a t  d e p e n d s  on  t h e  band s t r u c t u r e  and  Ed is t h e  minimum 

d i r e c t  gap. The  v a l u e  of Ed from F i g u r e  13 a p p e a r s  t o  be  o n  t h e  o r d e r  of 0.57 

eV . 
A l l  of t h e  LaSi2 f i l m s  were found t o  be opaque. T h a t  is, t h e r e  was no  

m e a s u r a b l e  t r a n s m i t t a n c e  a t  any  w a v e l e n g t h  a c c e s s i b l e  t o  u s  f o r  e v e n  t h e  

t h i n n e s t  f i l m s  (-900 A). 

metal f i l m s  and  o f  well-known meta l l ica l ly  c o n d u c t i n g  s i l i c i d e s  (T iS i2 ,  MoSi2, 

TaS i2 ,  and  WSi,) w e  h a v e  made i n  o t h e r  r e s e a r c h .  

T h i s  b e h a v i o r  is  c h a r a c t e r i s t i c  of t h e  a s - d e p o s i t e d  

From s h e e t  r e s i s t a n c e  
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measurements  of LaSi2  f i l m s  formed on p o l y s i l i c o n  s u b s t r a t e s ,  w e  o b t a i n  room 

t e m p e r a t u r e  r e s i s t i v i t i e s  of 4 4  and 81 micro-ohm-cm fo r  t h e  t e t r a g o n a l  and 

o r tho rhombic  phases ;  r e s p e c t i v e l y .  The r e s i s t i v i t y  of r e p r e s e n t a t i v e  s a m p l e s  

of t h e  t w o - L a S i 2  p h a s e s  i s  shown as  a f u n c t i o n  o f  t e m p e r a t u r e  i n  F i g u r e  14. 

The l i n e a r  b e h a v i o r  is  t y p i c a l  o f  metallically c o n d u c t i n g  materials. 

Some o p t i c a l  d a t a  for  ReSi2 are shown i n  F i g u r e  15. T h e r e  is a n  

a b s o r p t i o n  e d g e  i n  t h e  v i c i n i t y  of 0.2 eV. 

dependence  of t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h i s  material, b e c a u s e  

t h e  p r e v i o u s l y  ment ioned  d i f f i c u l t i e s  w i t h  f i l m  f a b r i c a t i o n  p r e v e n t e d  o u r  

o b t a i n i n g  f i l m s  w i t h  s u f f i c i e n t l y  s t r o n g  a b s o r p t i o n .  To our knowledge ,  t h e r e  

is no  r e p o r t  i n  t h e  s c i e n t i f i c  l i t e r a t u r e  of t h e  f o r m a t i o n  of ReSi2 t h i n  f i l m s  

by a n y  means [12]. 

We h a v e  o b t a i n e d  no  clear e n e r g y  

Our p r o b l e m  s p e c i f i c a l l y  is t h a t  t h e  computer  is u n a b l e  t o  f i n d  s o l u t i o n s  

t o  t h e  e x p r e s s i o n s  f o r  r e f l e c t a n c e  and  t r a n s m i t t a n c e  f o r  weak ly  a b s o r b i n g  

samples .  T h e r e  is no f u n d a m e n t a l  p h y s i c a l  or c o m p u t a t i o n a l  r e a s o n  f o r  t h i s ,  

b u t  a p p a r e n t l y  t h e r e  is s u c h  a n  i n t e r p l a y  between n and  k i n  t h e  e x p r e s s i o n s  

t h a t  a l a r g e  number o f  c o m b i n a t i o n s  may be f i t t e d  w i t h  e s s e n t i a l l y  t h e  same 

a c c u r a c y  to a g i v e n  e x p e r i m e n t a l  p a i r  o f  r e f l e c t a n c e  and  t r a n s m i t t a n c e  v a l u e s .  

Thus, i t  h a s  n o t  been  p o s s i b l e  t o  a c h i e v e  t h e  same l e v e l  of a n a l y s i s  for ReSi2  

as for CrSi2.  Earlier t h i s  y e a r  w e  found t h e  same prob lem w i t h  t h e  o p t i c a l  

a n a l y s i s  of IrSil.75 t h i n  f i lms .  

v e r y  t h i n  f i l m s ,  a n d  o n l y  o n  1-1-1 wafers.) 

(The i r i d i u m  s i l i c i d e  c o u l d  be grown o n l y  as  

The e lectr ical  r e s i s t i v i t y  of ReSi2 is shown as a f u n c t i o n  of t e m p e r a t u r e  

i n  F i g u r e  16. 

d a t a  e x h i b i t i n g  a t h e r m a l  a c t i v a t i o n  e n e r g y  of ‘0.09 eV. 

1.5), s u b s t r a t e  s h o r t i n g  commences as t h e  o x i d e  becomes s u f f i c i e n t l y  

c o n d u c t i v e  a n d  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  a p p r o a c h e s  t h a t  of i n t r i n s i c  

The material a p p a r e n t l y  is  i n  t h e  i n t r i n s i c  regime,  w i t h  t h e  

Above 670K (1000/T = 
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s i l i c o n ,  0.55 eV. 

Accord ing  t o  b a s i c  s e m i c o n d u c t o r  band t h e o r y ,  t h e  i n t r i n s i c  r e s i s t i v i t y  

a c t i v a t i o n  e n e r g y  

f o r b i d d e n  e n e r g y  g a p  of 0.18 eV for  t h i s  material, which is  i n  rough ag reemen t  

s h o u l d  be h a l f  t h e  bandgap [13]. Thus we estimate a 

w i t h  t h e  o p t i c a l  d a t a  of F i g u r e  15. 

Our r e s u l t s  on  ReSi2 c o n t r a d i c t  a most r e c e n t  t h e o r e t i c a l  i n v e s t i g a t i o n  

of t h e  material i n  which a metallic band s t r u c t u r e  was p r e d i c t e d  [ 1 4 ] .  Using 

f u l l y  r e l a t i v i s t i c  p s e u d o p o t e n t i a l s ,  t h e  e n e r g y  bands,  d e n s i t y  of states, and  

Fermi s u r f a c e  were c a l c u l a t e d .  

s h o u l d  be l a r g e r  by far  t h a n  t h a t  of MoSi2 o r  WSi2. 

t r a n s p a r e n c y  and  t h e r m a l l y  a c t i v a t e d  r e s i s t i v i t y  w e  h a v e  o b s e r v e d  show 

It was c l a i m e d  t h a t  t h e  c o n d u c t i v i t y  o f  ReSi2 

On t h e  o t h e r  hand,  t h e  

u n e q u i v o c a l l y  t h a t  t h e  material is a na r row bandgap semiconductor .  

r e s e a r c h  on ReSi2 f i l m  f o r m a t i o n  is needed  i n  o r d e r  t o  o b t a i n  s a m p l e s  a d e q u a t e  

f o r  d e t a i l e d  o p t i c a l  c h a r a c t e r i z a t i o n  s u c h  as  was a c h i e v e d  for  CrSi2.  

F u r t h e r  

Summary & C o n c l u s i o n s ;  Phase  I1 Resea rch  

CrSi.2 w a s  found  t o  p o s s e s s  a n  i n d i r e c t  f o r b i d d e n  e n e r g y  gap  of s l i g h t l y  

less t h a n  0.31 e V .  

merit no  f u r t h e r  c o n s i d e r a t i o n  as  i n t r i n s i c  s emiconduc to r  i n f r a r e d  d e t e c t o r  

materials. 

f i l m  f o r m a t i o n  p r e v e n t e d  a d e t a i l e d  o p t i c a l  a n a l y s i s  of t h e  material. 

Both forms of LaS i2  are metall ic c o n d u c t o r s  and  hence  

ReSi2 a p p a r e n t l y  h a s  a g a p  of -0.18 eV; d i f f i c u l t i e s  w i t h  t h i n  

We f i n d  t h a t  C r S i 2  and  ReSi2 are i n t e r e s t i n g  c a n d i d a t e s  for d e v e l o p m e n t  

as i n t r i n s i c  i n f r a r e d  d e t e c t o r  materials. Because t h e s e  materials are grown 

d i r e c t l y  on s i l i c o n  s u b s t r a t e s ,  t h e y  are p a r t i c u l a r l y  i n t e r e s t i n g  f o r  t h e  

d e v e l o p m e n t  of f u l l y  i n t e g r a t e d  op t i ca l  d e t e c t o r s .  

p l a n e  a r r a y s  of i n t r i n s i c  s e m i c o n d u c t o r  d e t e c t o r s  made w i t h i n  f i l m s  of C r S i 2  or  

The f a b r i c a t i o n  of foca l  
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ReSi2 s h o u l d  b e  a s t r a i g h t f o r w a r d  e x t e n s i o n  of p r e s e n t  t e c h n i q u e s  f o r  making 

P t S i  and Pd2Si  S c h o t t k y  b a r r i e r  d e t e c t o r  arrays. 

I n  o t h e r  r e s e a r c h  w e  h a v e  o p t i c a l l y  c h a r a c t e r i z e d  t h i n  f i l m s  of semicon- 

d u c t i n g  MnSil.7. T h i s  material, be ing  q u i t e  similar t o  C r S i 2  o p t i c a l l y ,  is  a 

v e r y  s t r o n g  a b s o r b e r  and p o s s e s s e s  a n  i n d i r e c t  gap  of s l i g h t l y  less t h a n  0.54 

eV. Thus, t h e  a b s o r p t i o n  edge  a t  ‘2.3 microns  makes it s u i t a b l e  f o r  u s e  w i t h  

t h e  window of a t m o s p h e r i c  t r a n s p a r e n c y  a t  2.0 - 2.6 mic rons  and s h o r t e r  

wave leng ths .  

-- Phase  I1 r e s e a r c h  s h o u l d  f o c u s  on improved  materials p r e p a r a t i o n ,  and on 

t h e  effects  of d e f e c t s  on  t h e  t r a n s p o r t  and p h o t o e l e c t r o n i c  p r o p e r t i e s .  

Recen t  a r t ic les  h a v e  d e s c r i b e d  t h e  e p i t a x i a l  g rowth  of t h e  chromium [15] and 

manganese s i l i c i d e s  [16], b u t  t h e  s i n g l e - c r y s t a l  r e g i o n s  of t h e  f i l m s  were of 

l i m i t e d  size. 

The h e a r t  o f  a Phase  I1 r e s e a r c h  program s h o u l d  be t h e  e x p l o r a t i o n  of 

e p i t a x i a l  g rowth  by m o l e c u l a r  beam e p i t a x y .  

i n v e s t i g a t e d  w i t h  c a r e f u l  materials c h a r a c t e r i z a t i o n  c o u p l e d  w i t h  m o b i l i t y  

measurements  (e.g. Hal 1 effect) and l ifetime measurements  (e.g. photoconduc- 

t i v i t y ) .  

c o n f i d e n c e  i n t o  t h e  area of d e v i c e  deve lopment .  This may i n c l u d e  research on 

i n s u l a t o r s ,  d o p i n g  p r o c e s s e s ,  c o n t a c t s ,  and p a t t e r n i n g  of t h e  materials. The 

r e s e a r c h  w i l l  pay enormous d i v i d e n d s  if t h e  semiconduc t ing  s i l i c i d e s  make i t  

p o s s i b l e  to  a c h i e v e ,  i n  a p r a c t i c a l  way, a new f a m i l y  of i n t e g r a t e d  i n f r a r e d  

d e t e c t o r s  on  s i l i c o n .  

The effects of d e f e c t s  s h o u l d  be 

With t h i s  knowledge  b a s e  i t  s h o u l d  be p o s s i b l e  t o  move w i t h  

Our P h a s e  I r e s e a r c h  h a s  shown t h a t  t h e  semiconduc t ing  s i l i c i d e s  as a 

class of materials merit f u r t h e r  i n v e s t i g a t i o n  f o r  u s e  i n  t h e  i n t e g r a t i o n  of 

o p t i c a l  d e t e c t o r s  w i t h  s i l i c o n - b a s e d  m i c r o e l e c t r o n i c s .  
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Figure Captions 

1. X-ray diffraction pattern for a representative CrSi2 film grown on a 
1-0-0 silicon wafer. 

X-ray. diffraction pattern for tetragonal (a) and orthorhombic (b) LaSi2 
films grown on 1-0-0 silicon wafers. 

2. 

3. X-ray diffraction pattern for a representative ReSi2 film grown on a 
1-1-1 silicon wafer. 

4. 

5. 

Auger electron spectrum for a representative CrSi2 thin film. 

Auger electron spectrum for a representative LaSi2 thin film. 

6. 

7. 

Auger electron spectrum for  a representative ReSi2 thin film. 

SEM top view (a) and fracture cross-section (b) for a CrSi2 film. 

8. SEM top view (a) and fracture cross-section (b) for a LaSi2 film. 

9. SEM top view (a) and fracture cross-section (b) for a ReSi2 film. 

10. 

11. 

Optical properties of four CrSi2 samples. 

Optical absorption coefficient of CrSi2, obtained from the data of Figure 
10. The four symbols correspond to the four samples of Figure 10. 

12. Absorption coefficient data for CrSi2 plotted in a manner appropriate for 
an indirect gap. 

13. Absorption coefficient data for CrSi2 that suggests the occurrence of 
direct transitions above the band edge. 

Electrical resistivity as a function of temperature for tetragonal (a) 
and orthorhombic (b) LaSi2. 

14. 

15. Optical properties of three ReSi2 films of the following thicknesses: 
0 768 A, o 461 A, and + 307 A. 

16. Electrical resistivity versus reciprocal temperature for ReSi2; solid 
lines correspond to the activation energies shown. 
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